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The nematode Cuenorhabditis elegans expresses one species of H2A and one species of H4 molecules, at least two species of H 1 (Hl .I, HI .2), two 
species of H2B (H2B.1, H2B.2) and 2-4 species of H3 (H3.1 and H3.3 and an unassigned Ile/Leu microheterogeneity in H3). The study of their 
primary structures has been completed now and all of them, with the exception of the Ile/Leu microheterogeneity in H3, have been assigned to 
protein spots on two-dimensional gels. One spot, previously designated H3.2, probably represents C-terminally cleaved H3.1. The relative abundan- 
ce of the isohistones was essentially the same when derived from either eggs, gravid adults or postreproductive, senescent worms. The degree of 
post-translational modification, however, particularly acetylation of H2A, H2B and H3 histone species, was reduced at old age. 
Amino acid sequence; Histone isoform; (Cuenorhubditis eleguns) 
1. INTRODUCTION 
Over the last decade, it has been shown that the ma- 
jor histone classes are frequently composed of a 
number of polypeptides that differ slightly in their 
primary structures. They are called isohistones, 
isoforms, subtypes, variants, isoprotein species, and 
they are usually designated by a number which is 
separated from the major class designated by a period, 
e.g. H1.l, H1.2, . . . . These variants may have no 
specific function, e.g. the H2A and H2B variants of 
yeast can replace each other [1,2]. On the contrary, in 
sea urchin, the expression of isohistones is strictly 
developmentally regulated and the structural properties 
of the chromatin vary with different isohistone com- 
position [3]. Mammalian cells express three H3 
variants, of which H3.1 and H3.2 are the more abun- 
dant isoforms, whereas H3.3 is a minor variant. 
However, in Gl and G2 cells and also in quiescent cells, 
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only H3.3 is synthesized, the expression of H3.1 and 
H3.2 being fully repressed [4]. 
We were primarily interested in learning more about 
the possible differential expression of histone variants 
in the course of the life cycle of the nematode 
Caenor~ab~~t~~ efegam. We have shown that a few 
nuclear non-histone proteins accumulate with age 151 
and we wanted to know whether histones are involved 
in the onset and/or propagation of the aging process in 
C. elegans. 
The primary structures of the major histone fractions 
from C. elegam have been published previously [6-IO]. 
In the present study we will assign the various 
isohistone sequences to the protein spots seen on two- 
dimensional gels and examine whether alterations occur 
in the histone subtypes of C. elegans and their post- 
translational modification as a function of develop- 
ment and age. 
2. EXPERIMENTAL 
2.1. Nematode cukure 
The H2B subtypes were purified from unfractionated H2B that 
had been prepared from Caenorh~bdit~ efeguns strain DR27 
daf_17(m27). The cultivation of this strain was described at length 
earlier [6]. The characterization of H3.2 and the gel electrophoretic 
analyses of histones prepared from age-synchronized worms was 
done using the wild type Bristol (N2) strain of C. eleguns. The worms 
were grown axenically as described previously 15,111. The procedure 
for age synchronization was also described earlier [5]. Young gravid 
worms were between 5 and 10 days old. Senescent, post-reproductive 
worms, about 15-20 days old, were harvested 10 days after adding 
00145793/89/$3.50 0 1989 Federation of European Biochemical Societies 233 
Volume 257, number 2 FEBS LETTERS 
50 pM FudR to exponentiaily growing cultures to block any further 
reproduction. Viable eggs were prepared as described by Johnson and 
Hirsch HZ]. The eggs released were subsequently collected by cen- 
trifugation at 3000 x g for 10 mitt and washed extensively with S buf- 
fer (0.1 M NaCl, 0.05 M potassium phosphate buffer, pH 6.0). 
Cleaned nematodes or eggs were suspended in twice the volume of 
1.7 M sucrose, 0.5% (v/v) Nonidet P-40, 5 mM CaC12, 50 mM Tris- 
HCl, pH 7.4, immediately dripped in liquid nitrogen and stored at 
- 196°C until use. 
2.2. Isolation and identification of H2B isoforms 
The H2B subtypes were separated on 2 preparative AUT gels (16 x 
16 x 0.15 cm), loaded with approx. 4 mg of pure H2B [6] and run 
at 18 mA constant current (9 mA/gel). The gels were stained with 
0.1% Coomassie brilliant blue R-250 in methanol/acetic acid/water 
(5 : 1 : 5) containing 1% (v/v) 2-mercaptoethanol and destained in 7% 
acetic acid, 20% ethanol, 1% 2-mercaptoethanol until the bands 
became clearly visible (fig. la). The protein bands containing H2B.1 
and H2B.2 were sliced out and protein was recovered as described 
previously [8]. Both H2B subtypes were dissolved in 50 pl ammonium 
acetate buffer (pH 4.0) and digested with 25 pg Staphylococcus 
aureus V8 proteinase (EC 3.4.21.19; Miles) overnight at 37°C. The 
resulting peptides were separated by preparative HPTLC and 
prepared for sequencing as described previously [6]. 
at 1 mM and 0.1 mg/I, respectively. The homogenate was blended at 
full speed for 2 min more and centrifuged at 6000 x g for 5 min. The 
sediment was washed once with 0.14 M NaCl, 50 mM Tris-HCI, pH 
7.4 and 1 mM PMSF was freshly added. Chromatin was extracted by 
homogenization of the pellet in 2 M NaCI, 10 mM Tris-HCI, pH 7.4 
for 30 min (Virtis homogenizer, low speed) in the cold, and clarified 
by centrifugation at 10000 x g for 10 min. HCI, 2-mercaptoethanol 
and thiodiethanol were added to the supernatant at 0.5 M and 1% 
(v/v) final concentrations, respectively. The mixture was stirred 
vigorously overnight at 4°C. The histones were next clarified by cen- 
trifugation at 100000 x g for 20 min and precipitated by the addition 
of Reinecke salt [13]. The precipitate was collected by centrifugation 
at 3000 x g for 20 min in a swing-out rotor and washed with a 
saturated solution of Reinecke salt in 50 mM Tris-HC), pH 6.2. 
Many non-histone proteins that were not highly charged at pH 6.2 
were removed by this treatment. Reinecke salt was then extracted 
from the precipitate with acetone containing 1% thiodiethano). The 
histone preparation was washed once more with acetone only and 
dried under reduced pressure. 
Whole histone was separated by AUT-PAGE (15% T, 0.66% C). 
A narrow lane containing H3.1 and H3.2 was sliced out and mounted 
on top of an SDS-PAGE (15% T, 2.6% C) gel. The poiypeptide frac- 
tion H3.2 was then recovered by electroelution as described elsewhere 
1141. 
2.3. Isolatron of histone fraction H3.2 
Since we had reason to suspect hat H3.2 is derived from H3.1 by 
degradation 181, a very quick extraction procedure was devised, aim- 
ed to minimize possible in vitro degradation of H3 at the expense of 
obtaining less pure histone. Approximately 100 g of frozen nematode 
tissue was crushed in a 1 I stainless teel cup (precooled at -25°C) of 
a Waring blendor for l-2 min. After thawing, the concentration of 
sucrose was lowered to 0.25 M and PMSF and aprotinin were added 
2.4. Analytical two-dimensional electrophoresis of whole histone 
and sequence analysis of purified peptide fractions 
The procedures used have been described at length previously [S]. 
3. RESULTS AND DISCUSSION 
3.1. Identification of H2B subtypes 
Fig.1. (a) Separation of the H2B isohistones of C. elegans by 
preparative AUT-PAGE (12% T, 0.66% C). (b) Analytical HPTLC 
of the peptides released after digestion of H2B.l and H2B.2 with 
Sfa~hy~ococcus aareus V8 proteinase. A minute (1 ~1) sample was 
applied onto a 10 x 10 cm HPTLC-cellulose glass plate and 
developed in pyridine/butan-I-al/acetic acid/water (10: 15: 3: 12, by 
vol.). The position of the peptides was revealed with ninhydrin spray 
reagent. Peptides were numbered according to their increasing 
mobilities. 
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When we originally sequenced the peptides released 
after digestion of unfractionated H2B with 
~tup~ylococc~s aweus Vg proteinase and separated by 
preparative HPTLC on cellulose pIates, we identified 
two peptides (Sa 5 and Sa 6) which differed from each 
other in only one single residue, i.e. alanine in Sa 6 and 
serine in Sa 5. In addition, two apparent heterogeneities 
Fig.2. Separation of H3.1 and H3.2 polypeptides by preparative 
SDS-PAGE (15% T, 2.6% C). 
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were detected in the N-terminal Sa 1 peptide (Lys/Ala 
in positions 7 and 14) [6]. We have subjected both H2B 
isoforms to exactly the same treatments to obtain a 
rapid answer to the principal question of which residues 
belong to which polypeptide chain. 
The S~ap~ylococ~~ aweus V8 proteinase digest of 
the H2B fractions yielded one peptide fraction (Sa 6), 
which was predominant in the protein fraction 
designated H2B.l and another one (Sa 5), which was 
clearly more abundant in H2B.2 (fig.Ib). Automated 
sequence analysis of these peptide fractions provided 
the following sequence data: 
Sa 6 (H2B.l): R-I-A-A-E 
Sa 5 (H2B.2): R-I-A-S-E 
Automated Edman degradation of both Sa 1 (fig.lb) 
peptides, which represented the N-terminal peptide 
fragments of H2B, provided this sequence information: 
I 14 
Sa 1 (H2B. 1): A-P-P-K-P-S-A( + K)-K-G-A-K-K-A-K( + A)-K-. . . 
I 14 
Sa 1 (H2B.2): A-P-P-K-P-S-A( + K)-K-G-A-K-K-A-A( + K)-K-.. 
The finding that H2B.l carries one more positive 
charge than H2B.2 is also supported by the slight but 
consistently higher mobility of H2B.l in AUC gel (see 
fig,4A,C,E). We interpret the increase of the PTH 
signal of the amino acids given within brackets at posi- 
tion 14 of the amino acid chain to reflect cross- 
contamination of the H2B.1 and H2B.2 preparations. 
This is also supported by the cross-contamination of 
the H2B isohistone-specific peptides Sa 5 and Sa 6 in 
the fractions H2B.l and H2B.2 (fig.Ib). 
The heterogeneity observed at position 7 of the 
amino acid chain is less clear. It was obtained in a ratio 
of approximately 3 : 1 (710 vs 240 pmol) i.e., quite 
similar to the ratio of Ala/Lys obtained at residue 7 us- 
ing unfractionated H2B [6]. We found again that 
lo-14% of the H2B molecules lacked the N-terminal 
alanine residue, so an increase of the PTH-Lys signal 
by 70-100 pmol should be expected, being actually 
derived from Lys, of the shorter chain. This leaves 
some loo-140 pmol unexplained. We have previously 
[6] interpreted such a result as suggestive of a real 
AIalLys heterogeneity at position 7 of the major 
polypeptide chain (position 6 of the minor chain). 
However, if a portion of both H2B.l and H2B.2 
polypeptides might contain one more positive charge, 
this should be visible as distinct spots, migrating dight- 
ly ahead of the major spots, in a way the single 
acetylated forms of H2B.l and H2B.2 are clearly 
distinct spots travelling just behind the major spots 
because they have one less positive charge. No such pat- 
tern is visible on the gels shown in fig,4A,B,C. For that 
reason we now assume that position 7 of the major 
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Fig.3. Relative abundance and ammo acid sequences of histone isoforms expressed in C. elegans. Compilation of sequences taken from references: 
H2B [6], H4 [7], H3 f8], H2A [9], Ht.1 [lo] and Hf .2 [14] and the additional data presented in this study. The relative amounts are derived 
from quantitative data when available e.g., relative yields by weight (Hl subtypes), relative yields of PTH amino acids at a polymorphic locus 
(H2B subtypes) or they are estimated from Coomassie staining intensities (H3). The figures listed have therefore an indicative value only. Sequence 
positions that differ from the major ,isoform are indicated in script, unaltered residues are indicated as (I), deletions as (-). (a-) N-terminal 
blocking group; AC, acetylation; Me, Mez, Mer, 1-3 methyl groups, respectively. Modified residues were not studied in H2B. Note: in fig.1 of 
the original paper describing the primary structures of H4 [7], the glycine residue at position 28 was erroneously skipped. 
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Fig.4. Two-dimensional separation of whole histone from age-synchronized C. &guns. The first dimension was AUT-PAGE (12% T, 0.66% 
C) and the second dimension was either AUC-PAGE (15% T, 0.66% C) or SDS-PAGE (15% T, 2.6% C). (A,B) Histones prepared from eggs; 
(C,D) histones from young adult (gravid) nematodes; (E,F) histones from senescent worms. The unlabeled spots are non-histone proteins that 
were co-extracted along with the histones. 
chain (6 of the minor chain) in both H2B. 1 and H2B.2 
is only occupied by alanine and that there are only two 
isoforms of H2B (neglecting chain length polymor- 
phism), i.e. H2B.l with lysine in position 14 and 
alanine in position 72 of the major chain and H2B.2 
with alanine and serine in the positions 14 and 72 of the 
major chain, respectively. Further work on the 
molecular cloning of the H2B genes may eventually 
reveal whether the chain length polymorphism is ge- 
nuine or results from limited aminopeptidase activity. 
3.2. Characterization of H3.2 
Automated Edman degradation of fraction H3.2 
(fig.2) provided the following sequence information: 
Ala-(?)-Thr-Lys-Gln-Thr-Ala-. . . , i.e. exactly the same 
sequence identified at the N-terminus of H3.1 [8]. Since 
the molecular mass of H3.2 is 700-900 Da smaller, it 
seems that H3.2 is a form of H3.1 which is shortened 
by proteolytic cleavage of approximately 6-8 amino 
acid residues at the C-terminus. It was surprising to see 
that cleavage has proceeded in spite of all precautions 
236 
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taken to prevent in vitro proteolysis. Possibly H3.2 
may result from processing in vivo, as suggested 
previously [8], and we cannot exclude the possibility 
that H3.2 might be encoded by a shorter gene. The 
molecular cloning of all H3 genes may provide a 
definite answer to this question. 
3.3. Expression of isoforms and degree of post- 
translational modification at different stages of 
the life cycle 
Fig.3 presents an overview of the histone variants 
that have been detected in C. elegans. 
An important question concerns the possible role of 
the histone isoforms, e.g. does their expression coincide 
with distinct developmental or terminal differentiation 
stages? We have compared the two-dimensional gel 
pattern of the histone proteins expressed in eggs (these 
contain all stages of embryonic development, from sim- 
ple zygote up to the first juvenile stage, which consist 
of 558 cells at hatching), young gravid adults (contain- 
ing terminally differentiated somatic tissue, pro- 
liferating gonadal cells and eggs as well) and 
postreproductive, senescent worms (containing ter- 
minally differentiated cells only). Clearly, the expres- 
sion of histone variant proteins remains essentially 
unaltered in the course of the life cycle (fig.4). There is, 
however, a decline of the extent of histone acetylation 
as a function of terminal differentiation and aging. 
This effect was consistently observed in duplicate ex- 
periments. Acetylation at multiple lysine residues 
removes positive charges. Such modified forms are visi- 
ble on AUT/AUC two-dimensional gels ‘as satellite 
spots on a diagonal behind each parental spot. The 
degree of acetylation is high in histones prepared from 
eggs (the full extent of acetylation is not visible on the 
photograph depicted in fig.4A because less protein was 
loaded and the very faint spots were lost 
photographically) and gravid adults. Histones prepared 
from postreproductive worms are poorly acetylated. In 
particular, H2A and both H2B isoforms seem to be 
almost devoid of acetylation in old worms. 
Acetylated forms of histone are generally enriched in 
transcriptionally active chromatin [15]. On the other 
hand, nuclear activity generally declines with aging, so 
the decrease of histone acetylation in old worms seems 
straightforward. Alternatively, the decrease of histone 
acetylation with age may be simply due to reduced 
acetylase activity. 
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